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The antero-posterior dispersion of clonally related cells is a prominent feature of axis elongation in vertebrate embryos. Two major models
have been proposed: (i) the intercalation of cells by convergent-extension and (ii) the sequential production of the forming axis by stem cells. The
relative importance of both of these cell behaviors during the long period of elongation is poorly understood. Here, we use a combination of single
cell lineage tracing in the mouse embryo, computer modeling and confocal video-microscopy of GFP labeled cells in the chick embryo to address
the mechanisms involved in the antero-posterior dispersion of clones. In the mouse embryo, clones appear as clusters of labeled cells separated by
intervals of non-labeled cells. The distribution of intervals between clonally related clusters correlates with a statistical model of a stem cell mode
of growth only in the posterior spinal cord. A direct comparison with published data in zebrafish suggests that elongation of the anterior spinal
cord involves similar intercalation processes in different vertebrate species. Time-lapse analyses of GFP labeled cells in cultured chick embryos
suggest a decrease in the size of the neural progenitor pool and indicate that the dispersion of clones involves ordered changes of neighborhood
relationships. We propose that a pre-existing stem zone of growth becomes predominant to form the posterior half of the axis. This temporal
change in tissue-level motion is discussed in terms of the clonal and genetic continuities during axis elongation.
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The elongation of the spinal cord is a key event in the
formation of the central nervous system (CNS) of vertebrates.
After a phase of longitudinal dispersion of CNS founder cells
located in the epiblast at gastrulation (around E6.5 in the mouse)
(Gardner and Cockroft, 1998), the fate of brain versus spinal
cord progenitors becomes rapidly restricted (Mathis and
Nicolas, 2000a; Quinlan et al., 1995). Spinal cord progenitors
undergo proliferation and cell movements that lead to elongation
of the posterior CNS (Lawson et al., 1991). Fate maps of the
chick or mouse neural primordium show that the precursors of
the spinal cord, located in a very small region of the epiblast
lateral to the node, give rise to descendants dispersed extensively⁎ Corresponding author.
E-mail address: lmathis@pasteur.fr (L. Mathis).
1 Present address: Cellectis SA, Biocitech, 102 rue de Noisy, 93235
Romainville, France.
0012-1606/$ - see front matter © 2007 Elsevier Inc. All rights reserved.
doi:10.1016/j.ydbio.2006.12.050along the rostrocaudal axis (Akai et al., 2005; Alvarez and
Schoenwolf, 1991; Brown and Storey, 2000; Cambray and
Wilson, 2002; Catala et al., 1996; Fernandez-Garre et al., 2002;
Hatada and Stern, 1994; Henrique et al., 1997; Rodriguez-
Gallardo et al., 2005; Selleck and Stern, 1992). Time-lapse
analyses in the chick following electroporation of the neural
plate further showed that cells remain resident in the posterior
neural plate and then in the tail bud to produce the elongating
axis (Mathis et al., 2001). These data suggest that spinal cord
elongation results from a stem cell zone of growth that is
progressively laid down in the neural tube from the anterior to
the posterior (Mathis and Nicolas, 2000a; Vasiliauskas and
Stern, 2001). This elongation towards the posterior is also
consistent with descriptions of neurulation in fish (Kimmel et al.,
1994; Woo and Fraser, 1995) and amphibians (Eagleson and
Harris, 1990; Keller et al., 1992). However, time-lapse studies in
zebrafish and Xenopus indicate that elongation results from
intercalation and convergent extension movements (Keller et al.,
1992; Kimmel et al., 1994; Wallingford and Harland, 2001).
Table 1
Statistical analysis of clonality
Number of expected recombination events Number of embryos
0 2935
1 64.29
2 0.7
3 0.005
4 2.8×10−5
5 1.2×10−7
Expected numbers of independent recombination events per spinal cord. The
expected distribution of the number of random recombination events in the
spinal cord is based on the fluctuation test of Luria and Delbrück (see Materials
and methods). No embryo is expected to contain clones derived from several
recombination events in the spinal cord. The observed number of clones with
several β-gal+ clusters (n=44) is much higher than expected if they were due to
independent recombination events in LaacZ, indicating that most of the clones
with several or many β-gal+ clusters derive from single progenitors.
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elongation between fish and amphibians, in which elongation
is understood in terms of convergent extension, and in
amniotes (birds and mammals), in which axial elongation is
thought to involve a stem cell zone of growth (Mathis and
Nicolas, 2002).
In order to address the various mechanisms of axial
elongation during the entire period of spinal cord elongation,
we have used a combination of clonal analysis in transgenic
mice, computer analysis and time-lapse video-microscopy of
cell behavior in the chick embryo. For clonal analysis, we have
used a genetic method of cell lineage tracing in transgenic mice
(Mathis et al., 1999) which relies on a rare recombination event
to recreate a functional LacZ from a LaacZ reporter bearing a
duplication that inactivates the transgene. The functional LacZ
is stably inherited by the progeny of the cells, thus generating a
clone. This method of visualizing clones has already been
applied to the development of the neural tube (Mathis et al.,
1999), neural plate (Mathis and Nicolas, 2000a), adult brain
stem (Mathis and Nicolas, 2000b), cerebellum (Mathis and
Nicolas, 2003) or cerebral cortex (Wilkie et al., 2004). The
strength of this method is that it provides information regarding
single cells (clonal analysis) over long periods (several days or
weeks) at embryological stages that are very difficult to analyze
by other methods in mammals. Computer analysis of the
spacing between progenitors was performed using methods
already used to analyze temporal or spatial relationships
between events in biological systems (Faure et al., 2000;
Gisiger et al., 2000). The principle of the analysis is to generate
patterns of intervals following certain rules, here the production
of clones by stem cells, and to compare the cell distributions
obtained with those observed in the LacZ clones. For time-lapse
analysis, we combined the electroporation of the chick neural
plate followed by embryo culture under the heated stage of a
confocal microscope (Kulesa and Fraser, 1998). This approach
provides a cellular resolution to study the cellular events of
neural plate expansion and morphogenesis.
The results obtained in mouse demonstrate different patterns
of dispersion of clones in the anterior and posterior spinal cord.
Several lines of evidence indicate that the relative contribution
of stem cell growth to elongation increases with time, possibly
due to the reduction of the size of the pool of progenitors present
in the early neural plate.
Materials and methods
Production and analysis of β-gal+clones
The NSE-1 transgenic line used in this study, in which the expression of the
LacZ/LaacZ transgene is driven by the neuron specific enolase promoter, has
been described previously (Mathis et al., 1999). The progeny of the crosses
between these males and wild-type C57BL/6'DBA/2 females were analyzed at
E12.5. After 30 min of fixation in 4% PFA, the E12.5 transgenic embryos were
incubated in X-gal for 2 days at 30 °C and then for 1 week at 4 °C to allow full
access of X-gal to the cells, and stronger labeling of individual cells. The
description of the distribution and number of β-gal+ cells in the clones was
performed after complete dissection of the neural tube from skin and
mesenchyme. The distribution of labeled cells in each clone was drawn using
a camera lucida tube adapted to a Nikon microscope. The length of the spinalcord drawings was taken arbitrarily as 160 segments Sn. For the sake of clarity, it
should be noted that the segments are different from the somites. The total length
of the spinal cord at E12.5 is about 8 mm from the cephalic curvature to the tail.
Each unit corresponds to 50 μm, and 4 units correspond to 200 μm, which is the
antero-posterior dimension of the root of peripheral nerves, or of a somite. The
level of segment 1 corresponds to the first somite, and segment 80 corresponds
roughly to the axial level of somite 20.
The intervals between LacZ clusters were analyzed either along the entire
spinal cord (n=484 intervals) or in the broad anterior (n=124 intervals) and
posterior (n=233 intervals) domains corresponding, each to 40% of the axis.
The area of transition, corresponding to the remaining 20% of the axis in the
middle of the spinal cord, was not considered.
Statistical analyses
The intragenic recombination of laacZ into lacZ is a spontaneous, heritably
transmitted and random event. The frequency of its occurrence can therefore be
analyzed by the fluctuation test of Luria and Delbrück (1943). The number of
independent recombinations that have occurred during the expansion of the
pool of forebrain progenitors follows a Poisson distribution with the parameter
mNt (m is the rate of recombination and Nt is the total number of neuroepithelial
cells expressing the transgene at the time of dissection). m can be estimated to
equal − ln(p) /Nt with p the fraction of embryos with no recombined
neuroepithelial cells in the spinal cord. The parameter of the Poisson
distribution can thus be estimated to be − ln(p). The expected number of
embryos having undergone N independent recombination events per spinal cord
(Table 1) is N0(ln(Ne/N0))n /(N!), with N0 the observed number of embryos
with no recombined neuroepithelial cells (n=0) and Ne the total number of
dissected embryos at E12.5 (3000).
Computer modeling
Modeling and statistical analyses were performed using R, a language and
environment for statistical computing, on Power PC G5, Mac OSX.
Clone modeling
The cell population has been modeled as a polyclone of β-gal− cells among
which a small population of the cells belongs to a β-gal+ clone. p0 is the
probability to have β-gal+ cells among a certain segment Sn (Fig. 2A). Spinal
cord elongation was modeled by the divisions of a stem cell located in the neural
plate producing the 160 segments, Sn (n is in the [1,160] interval). Following cell
division of the stem cells, some descendants are expected to remain in the stem
zone of growth, while others populate the neural tube (Fig. 1A). Clones were
modeled as distributions of clusters of β-gal+ cells along the antero-posterior
axis. Each spinal cord segment of a clone can contain a cluster with the
probability p0. As the stem cells progress posteriorly, a random number (uniform
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probability of the segment to contain a descendent of the stem cells. If this
number is lower than p0, the segment Sn contains a cluster of β-gal+ cells. Theintervals (I) between clusters of β-gal+ cells were therefore calculated as the
length between consecutive segments with a cluster. The expected distributions
shown in Figs. 2–4 were estimated from 4000 modeled clones.
Fig. 2. Principle of modeling. (A1) Illustration of the generation of intervals between clusters. (A1a) Single cell labeling of one cell in the posterior neural plate by the
LaacZ method. (A1b) Division of the labeled cell generating two labeled cells. (A1c) Progression of the axis elongation and exit of one of the two labeled cells from the
stem cell zone. (A1d) Growth of the embryo associated with the progression of the stem zone. (A2) Spinal cord elongation was modeled by the sequential addition of
segments by a stem zone of growth. Each new segment added has a probability p0 to be labeled. Such process simulates the generation of descendants of a pool of
dividing stem cells. (B) Example of a clone generated by the model, taking a p0 value of 0.2. (C) The expected distribution of interval values between clusters (CD:
cumulative distribution, see Materials and methods) appears as a straight line in semi-log plot, whose slope depends on p0. Each distribution was obtained from 4000
modeled clones.
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Several representations were used to compare the distributions of space
intervals, I, between consecutive LacZ clusters. Histograms of the frequencies
of intervals (density) were used in Fig. 3B and Fig. 4C. Another representation,
the cumulative distribution, is much better suited to compare two distributions.
Cumulative distribution (CD(I)) is obtained by ranking all the intervals (here
n=286) in an ascending order. For each I(k), X-axis on the graph, the
cumulative distribution is estimated by CD(I(k))=k/N (Y-axis). Cumulative
distributions are shown in Fig. 3A, Fig. 4D or Fig. 5B and compared using
Kolmogorov–Smirnov statistics.
Here we have mainly compared exponential and power laws. Power laws are
typical of multi-factorial process, whereas exponential laws are characteristic ofFig. 1. Clonal organization of the mouse spinal cord into separate clusters distributed
LacZ clones in E12.5 LaacZ mouse embryos. (A–C) Clones restricted to the spinal c
Clones of different antero-posterior extensions are systematically organized into cluste
individually identified (red arrows). The interval I is the distance between consecutive
segments (Sn, different from the somites, see Materials and methods) is shown on a c
clone. (J) Representation of all the clones (n=44), populating both the spinal cord and
(n=28). Each vertical bar corresponds to the distribution of clusters in one embryo. T
clones, the most anterior blue color represents an interval started upon the anterior lisimpler processes, whose probability decreases at a rate proportional to their
value (e.g. Poisson laws). Exponential law distributions appear as a straight line
in a semi-log scale (Log (1−CD(I)) against I, see Fig. 2C), whereas power law
distributions appear as a straight line only when plotted on a log–log scale (see
Figs. 3D and 4F).
In ovo chick electroporation
In this study, we used the pCAGG-gpi-GFP, a plasmid encoding a GFP
targeted to the plasma cell membrane by a GPI anchor (gpi-GFP fusion, a gift
from Domingos Henrique) and in one case we co-electroporated this plasmid
with pCIG, a plasmid coding a nuclear GFP (pCAGGS-IRES-nucGFP, a giftalong the antero-posterior axis. (A–F) Camera lucida drawing of representative
ord. (D–F) Clones that contribute descendants to both the brain and spinal cord.
rs of labeled cells separated by non-labeled cells. (G) Clusters ofβ-gal+ cells were
clusters (double black arrow). Scale bar is 200 μm. (H) The subdivision into 160
amera lucida drawing of a LacZ clone. (I) Schematic representation of the same
brain (n=16) or restricted to the spinal cord and containing at least two clusters
he different intervals are shown with different colors. In the “spinal cord+brain”
mit. It was not taken into account for the analysis.
Fig. 3. Distribution of intervals between clonally related cell clusters in the mouse spinal cord. (A) The cumulative distribution (CD) of distances between clusters of
β-gal+ cells, I, is shown for the clones populating only the spinal cord (in black) and for the clones populating both spinal cord and brain (in red). No significant
difference is observed between these distributions (Kolmogorov–Smirnov test, p=0.2, ns). (B) Histogram density of the distribution of size of intervals I is shown for
all the clones (n=484 intervals). (C–D) Comparison between the observed (red open circles) and modeled (dashed lines) distributions. (C) In semi log-plot
representation, the complementary cumulative distribution (1−CD(I))does not follow a straight line, as expected from the modeled stem cell growth. (D) In log–log
plot, the distribution can be fitted by a straight line (blue) over a large domain marked by the vertical dashed lines. This is characteristic of a power law (multi-factorial
process). Modeled distributions for p=0.05 and p=0.125 are shown for comparison.
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plate of 8–9-somite-stage chicken embryos at a concentration of 1 μg/μl in PBS.
Gold electrodes (Genetrodes, model 512), distanced 4 mm between anode and
cathode, were placed parallel to the neural plate, and embryos were pulsed 5
times (25 V/50 ms duration), using an Electro Square Porator™ ECM830
(BTX). Embryos were incubated for 3 to 22 h and then harvested either for
culture or for imaging.
Whole embryo chick culture and time-lapse microscopy
Electroporated embryos were observed 4 h after electroporation under an
epifluorescence scope (Stemi SV11, Zeiss). Whole embryo chick culture for
microscopy (Figs. 6A–C) was performed according to Kulesa et al. (Kulesa
and Fraser, 1998). Briefly, a ring of 3MM paper (2 cm diameter) was applied
on the extra-embryonic tissues. The explant, containing the embryo and its
extra-embryonic tissues stuck to the paper ring, was cut out and rinsed in
culture F12-HAM medium (Gibco-Invitrogen) containing 5 mM L-glutamin
(Gibco-Invitrogen), 1 mM Sodium-pyruvate (Gibco-Invitrogen), 5 mg/ml
Fungizone AmphotericineB (Gibco-Invitrogen) and penicillin/streptomycin
(Gibco-Invitrogen). The embryo was grown on 50 mm Petri dish with a
30 mm microwell (MatTek corporation, #P50G-1.5-30-C). The organotypic
membrane (Millicell-CM 0,4 mm, Millipore), used only for the movies at
10×, was set on top of a drop of culture medium. Then the embryo was
placed on the organotypic membrane with the ventral side up. The excess of
medium was removed from the membrane to limit movements of the explant.The Petri dish was sealed with parafilm and placed at 38° on the inverted
microscope in a temperature controlled chamber (Tempcontroller 37-2 digital,
Zeiss). Time-lapse video-microscopy was performed with a Zeiss confocal
inverted microscope (Axiovert 200M) and the LSM510 (3.2) software. The
objectives used were the Zeiss Plan-NEOFLUAR 40×/1.3oil or 10×/0.3. The
scan duration was ≤1 min on the confocal microscope. Average scanned
depth was approximately 150 μm within the embryo. Identical z-stacks
acquisitions were repeated automatically every 10 or 15 min. Movie duration
ranged from 4 to 9 h.Results
Distribution of intervals between clonally related cell clusters
along the antero-posterior axis
To investigate the elongation of the spinal cord over
extended periods of time, we used clones obtained from the
NSE-LaacZ mouse transgenic line. Clones of cells were
visualized in the embryo after spontaneous intragenic recombi-
nation within an inactivated LacZ transgene (termed LaacZ).
We obtained and analyzed 223 CNS exhibiting β-gal+ cells
from a total of 3000 E12.5 embryos (Mathis and Nicolas,
Fig. 4. Different dispersion patterns in the anterior and posterior mouse spinal cord. (A) Mean values of intervals between clusters, I, vertical axis, calculated for all the
clones in four broad antero-posterior domains of equal length. I is [1–40], II is [41–80], III is [81–120] and IV is [121–160]. (B) Mean values of observed intervals
between clusters, I, vertical axis, calculated for all the clones in 40 domains of 200 μm, corresponding roughly to the length of the root of a peripheral nerve, or of a
somite. (C) Histogram density of the distribution of size of intervals I is shown for clusters of the anterior and posterior spinal cord. (D) The cumulative distribution of I
in the anterior (in red) or posterior (in blue) spinal cord is significantly different (p<10−3). (E) The semi log-plot representation of interval size distribution in the
posterior spinal cord (red) is almost linear (only three larger intervals do not conform to this model) and is compatible with the expected distribution in a stem zone of
growth model (dashed lines). The distribution in the anterior spinal cord does not follow a straight line. (F) In log–log plot, the cumulative distribution of intervals in
the anterior spinal cord exhibits a linear distribution, fitted by a straight line in blue, indicating a power law.
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labeling is a random event of intragenic recombination of
LaacZ into LacZ, the clonality between β-galactosidase positive
cells can be statistically assessed. We calculated the expectednumber of embryos containing independent recombination
events in the forebrain at E12.5 (Table 1), based on the
fluctuation test of Luria and Delbrück (1943). The results
indicate that very few observations of polyclonality can be
Fig. 5. Similar dispersion patterns in zebrafish and mouse anterior spinal cord. (A) Schematic representation of intervals between clusters of clonally related cells in
different zebrafish embryos (N3, N4, N5, N6, N8) measured from published data (Kimmel et al., 1994) and normalized to 80 segments (20 first somites). (B) The
cumulative distribution of intervals between clusters observed in the anterior part of the mouse embryo (in blue) is not significantly different (p=0.148, ns) from that
observed in zebrafish (in red).
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Table 1, n<1).
As expected from the random character of the labeling event
(the spontaneous recombination within the LaacZ transgene),
the clone sizes varied greatly between embryos Figs. 1A–F).
The clone populations were either confined to the spinal cord
(Figs. 1A–C) or were within both the brain and the spinal cord
(Figs. 1D–F). Clonally related cells can be distributed over
significant fractions of the antero-posterior length of the spinal
cord (Figs. 1B–F). A common feature of the clones is that
labeled cells are organized into separate clusters of β-gal+ cells
(Fig. 1G), because labeled cells of a clone intermix with
unlabeled cells. These clusters show a preferential dorso-
ventral elongation (Fig. 1G), due to the orientation of local
growth that follows an antero-posterior dispersion (Mathis et
al., 1999). 44 out of 65 spinal cord clones contained more than
one cluster, corresponding to a total of 410 clusters. The
spacing between clonally related cells is a direct output of
elongation motion. The distribution of β-gal+ clusters was
recorded by camera lucida drawing. From these drawings, the
values and axial position of the intervals between clusters was
measured and computer treated for analyses (Figs. 1H–J, see
Materials and methods).
A mode of elongation based on stem cells translates the
time intervals between cell divisions into spatial spacing
between clonally related clusters (Fig. 2A1). The time
between consecutive exits from the stem zone is due to the
combined action of (1) the time between cell divisions
(distributed following a Poisson law) and (2) a fixed
probability to exit the pool of stem cells to enter the neural
tube. At each cell division cycle within the stem zone (in
blue), a new segment is being added in front of the stem zone
(Fig. 2A2). The probability of a cluster of labeled cells
colonizing this new segment is constant and given by the
probability p0 (Fig. 2A2). Depending on the value of p0, theintervals I between modeled clusters may vary. For different
values of p0, 4000 “clones” were generated, each clone
generating a certain number of intervals (I) (Fig. 2B shows an
example for p0=0.2). This large sample of virtual clones
allows a good statistical representation of rare events (the
presence of large intervals in our case). The distribution of
distances between these intervals was then evaluated.
Regardless of p0 value, the complementary cumulative
distribution (1−CD) of intervals between model clusters
(see Materials and methods) follows a straight line in a semi-
log plot (Fig. 2C). As expected, the combination of both
probabilities generates intervals that are distributed following
an exponential law (see Figs. 2C and 3C).
To evaluate the homogeneity of the sample of experimental
clones, we first compared the distribution of intervals between
clusters in clones that populated only the spinal cord (n=286
intervals), and in clones that populated both the spinal cord and
the brain (n=198 intervals) (Fig. 3A). No difference was
observed (two-sample Kolmogorov–Smirnov test, p=0.2, ns),
therefore, we pooled the clones. The histogram of the intervals
between clusters in all the clones (n=528 clusters and 484
intervals) indicates the frequent presence of both short and large
intervals (Fig. 3B).
The distribution of intervals between labeled clusters in the
LacZ clones was compared with the computer simulation. The
observed distribution of intervals between clusters in all the
LacZ clones is not linear in a semi-log representation (Fig. 3C).
This result indicates that the frequencies of both short and long
intervals are too high to simply fit with the model of a stem
mode of growth generating the entire length of the spinal cord.
Furthermore, we observed a straight line in log–log representa-
tion over a large part of the interval range (Fig. 3D). Such a
linear distribution, also called a power law, is characteristic of
multi-factorial processes. This distribution suggests that spinal
cord elongation involves more than stem cell growth, and most
Fig. 6. Electroporation of the chick neural plate and embryo culture. (A) The principle of electroporation of the chick neural plate at the 7- to 9-somite stage of the
chick embryo is shown. A solution of plasmid encoding a membrane or nuclear GFP is injected into the open neural plate. Electric pulses permit an efficient
transfection of neural precursors. (B) A typical embryo observed at the 11-somite stage. (C) The principle of the device for embryo culture used for time-lapse analysis
is shown. (D) An embryo electroporated at the 8-somite-stage and grown under the microscope is shown 22 h later (21-somite-stage embryo). (D inset) The 11-somite-
stage embryo at the onset of the movie is shown. The yellow bar indicates the same axial level at the two stages. The embryo has elongated posteriorly. (E–F)
Distributions of GFP positive cells observed in embryos electroporated at the 8-somite-stage and grown in ovo for 22 h. (E) Overlay of GFP-fluorescence and bright
field image. (F) The GFP-fluorescence and bright field (inset) in another embryo. (E) Neural plate morphologies at different stages: 11 somite stage (G), 12 somite
stage (H), 15 somite stage (I), 16 somite stage (J), showing neural plate narrowing. e: ectoderm, nf: neural fold, np: neural plate, nt: neural tube, psm: presomitic
mesoderm, tb: tail bud, unt: unclosed neural tube, Hn: Hensen's node.
239I. Roszko et al. / Developmental Biology 304 (2007) 232–245likely several mechanisms acting spatially (heterogeneous
mode of elongation at a given time) and/or temporally
(successive modes of elongation).
Different dispersion patterns along the spinal cord
To investigate potential differences in cell dispersion along
the antero-posterior axis of the spinal cord, it was subdividedinto four antero-posterior domains of identical length (I to IV,
Fig. 4A). Some intervals, which were localized in two
consecutive domains, were counted only once and attributed
to the most anterior of these two domains. A two-fold
decrease in the spacing between clusters was observed
between the anterior half (regions I and II) and the posterior
half (regions III and IV) of the spinal cord (Fig. 4A). In order
to get a better resolution, the intervals between clusters are
240 I. Roszko et al. / Developmental Biology 304 (2007) 232–245analyzed in shorter domains, corresponding each to 1/40 of
the spinal cord length. This more refined analysis confirms a
sharp decrease in the spacing between clusters at the middle
of the axis, corresponding roughly to the level of somite 20
(Fig. 4B).
To evaluate if the decrease in the spacing between clusters
reflects different modes of elongation of the axis, the distribution
of intervals between LacZ clusters was analyzed in the anterior
and posterior halves of the spinal cord. The distribution is
relatively homogeneous in the posterior domain (n=233
intervals), whereas in the anterior domain (n=124 intervals),
both long and short intervals are frequently observed (Fig. 4C).
The distributions of intervals in these two broad domains are
significantly different (Fig. 4D, Kolmogorov–Smirnov test,
D=0.2441, p=0.00013). A linear distribution, expected in stem
cell growth, was only observed in the posterior spinal cord (Fig.
4E). In the anterior spinal cord, the distribution of intervals is
heterogeneous, and can only be fit by a line over short domains
of the distribution (Fig. 4E).
This analysis suggests that elongation of the spinal cord is
compatible with a stem cell mode of growth only in the
posterior domain. The slope of the curve corresponding to the
best fit of the data suggests, based on our computer model of
stem cell growth, that the probability of cluster appearance (p0
value) equals 0.125 per segment. This value corresponds to
80×0.125=10 clusters generated along the posterior half of the
spinal cord (80 segments), an area spanning somites 20 to 40, or
the length of 20 somites. With the estimation that somites are
being generated every 2 h in the mouse embryo (Tam, 1986),
the cell cycle in the stem zone may last about 4 h. This value is
consistent with the measured cell cycle length of 3.5 h in the
rodent primitive streak (MacAuley et al., 1993).
The distribution of intervals in the anterior domain does
not show a linear slope in a semi-log representation (Fig. 4E),
and is linear (power law) over a large interval range in log–
log representation (Fig. 4F). This suggests that the elongation
process is multi-factorial. We tested whether one of the
components of elongation could be convergent-extension. The
distribution of intervals was compared with published data on
convergent-extension and intercalation movements in the
zebrafish spinal cord (Kimmel et al., 1994). In their article,
the dispersion of clones derived from single blastomeres wasFig. 7. Cell motion in the neural plate during axis elongation and cell mixing. (A) H
(using the 10× objective), showing that individual cells can be identified with our a
time-lapse series using a 10× objective. The movie was started at the 10-somite-stag
and at the end (B2). The total individual cell trajectories are shown in panel B3 (see t
each different time points (15 min intervals). (C1–C2) Time-lapse experiment in 13-
indicate the position of each cell at t=0. Each spot corresponds to the position of th
indicate ectodermal cells. (C3) The antero-posterior order of individual cells is shown
Despite some inversions (shown by vertical black bars), due to the greater moveme
Time-lapse experiment showing the maintenance of the posterior progenitor pool du
optical slices of each time point showing the dorso-ventral dimension of the neural p
two cells which are not in the same dorso-ventral localization. The maintenance of
comparison to a cell present in the most anterior neural plate (red arrow). Whit
neuroepithelial tissue at each level of the axis. The time-lapse experiment was perform
Morphology of the neural plate at the beginning of the movie. (E2–E3) Positions o
double arrowheads show the distance between two cells at the beginning (t=0, left do
e: ectoderm, nf: neural fold, np: neural plate.monitored by time-lapse microscopy and the final distribution
of cells in the spinal cord was described by camera-lucida
drawings (Fig. 1 of Kimmel et al., 1994). The clones
described were dispersed along the spinal cord over the 20
first somites at the most, which corresponds to the broad
anterior region I+ II (segments 1–80) described here. The
distances between clusters of labeled cells (n=29) were
measured from Fig. 1 of Kimmel et al. (1994), and the value
normalized to 80 arbitrary units to be directly comparable
with our data (Fig. 5A). Strikingly, the resulting distributions
of intervals were not significantly different (Kolmogorov–
Smirnov test, p=0.148, ns) between mouse and zebrafish
anterior region of the spinal cord (Fig. 5B). This indicates that
the intervals between cell clusters in the mouse anterior spinal
cord could be generated, at least in part, by intercalation
movements, as in the zebrafish spinal cord.
In conclusion, these analyses indicate that different elonga-
tion patterns are involved during spinal cord elongation in the
mouse. Elongation patterns are consistent with a stem cell mode
of growth only in the posterior spinal cord.
Time-lapse analysis of neural plate elongation in the chick
embryo
To provide a more direct illustration of the cellular behaviors
deduced from the clonal analysis in the mouse embryo, we
generated time-lapse movies of the chick neural plate. The chick
presomitic mesoderm contains along its length 12 future
somites (Palmeirim et al., 1997). Therefore, the level of somite
20 corresponds roughly to the posterior/middle part of the
neural plate in 8–11-somite-stage chick embryos. In time-lapse
experiments, we focused on this posterior/middle part of the
neural plate, which corresponds to the possible transition
between two modes of growth suggested by the clonal analysis.
To visualize neural progenitors, one side of neural plate of 8–9-
somite-stage chick embryos was transfected in ovo by
electroporation (Fig. 6A) with a plasmid carrying a green
fluorescent protein GFP under transcriptional control of the
ubiquitous chick actin promoter. The GFP was targeted to the
cell plasma membrane (gpi-GFP fusion) to distinguish, by
differences of their morphology, ectodermal cells or neuroe-
pithelial cells produced by adjacent progenitors in the neuraligh magnification of a single optical slice at the resolution used for the movies
pproach. (B) The trajectories of single cells in the neural plate are followed in
e. (B1–B2) Morphology of the neural plate at the beginning of the movie (B1)
he Supplementary Movie 2). Each spot corresponds to the position of the cells at
somite stage embryos. Different selected cells (different colors) are shown. Stars
e cells at each different time points (15 min intervals). The dashed white lines
at the beginning and end of the movies in embryo shown in panels C1 and C2.
nt of lateral cells, the antero-posterior order of cells is broadly maintained. (D)
ring chick spinal cord elongation. See Supplementary Movie 3. (D2) Compiled
late of Supplementary Movie 3 are shown. This representation allows to follow
individual cells located in the posterior-most part is shown (yellow arrows) in
e lines depict labeled ectodermal cells (e). (E) Analysis of the extension of
ed in the posterior neural plate co-expressing nuclear and membrane GFP. (E1)
f chosen cells at the beginning (E2) and at the end of the movie (E3). (E4) The
uble arrowhead) and at the end of the movie (t=3h30, right double arrowhead).
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GFP expression was detected in the neural plate (Fig. 6B) and
whole embryos were grown into an organotypic membrane
(Fig. 6C) (Kulesa and Fraser, 1998). This device allows for
normal development for at least 10 h in most cases (>80%,
n=30), which corresponds to the addition of 7 somites (one
pair of somites being added every 90 min, as expected;
Palmeirim et al., 1997), and up to 24 h in a few cases (Fig. 6D).
Similar distributions of cells were observed both in labeled
embryo explants (Fig. 6D) and in ovo (Figs. 6E–F) for 22 h.
The cell populations showed a significant elongation along the
antero-posterior axis and some cells populated the neural tube
while others remained resident in the posterior-most part of the
neural plate (Figs. 6D–F). This suggests that overall normal
elongation patterns were monitored in cultured chick embryos.
Narrowing of the neural plate
At the 9-somite stage, the neural plate is widely open and
becomes progressively narrow (stages 11- to 16-somite, Figs.
6G–J). Time-lapse movies (n=16) were generated during 3–4 h
on 10–13-somite stage embryos by taking pictures every 10 or
15 min. Out of the 16 movies, only those showing an apparently
normal elongation of the embryo were used for analysis, with
somites being added every 90 min and spinal cord elongation
several hours after the end of the movie. During the course of
the movies, a remarkable change in neural plate morphology
was visualized (Fig. 6D). The motion of individual cells was
tracked in time-lapse sequences (see Supplementary Movies 1
and 2). In order to precisely follow individual cells, we pointed
these cells on single confocal slices (Fig. 7A) and then
superposed all single slices of one time point to form a
complete picture of the dorso-ventral dimension of the neural
plate (total confocal z-stack). The total confocal z-stacks are
presented in Figs. 7B–E. Thus, several GFP expressing cells,
localized at different positions in the neural plate were followed
at each time point during the time-lapse experiment. The
compilation of the z-stacks shows the trajectories of each cell
during the time-lapse experiment. Cells have different trajec-
tories in the narrowing neural plate, which correlate with their
initial antero-posterior position in this tissue. Our time-lapse
results indicate that in the anterior neural plate the cells undergo
movements towards the midline, which corresponds to the
narrowing of the neural plate (Fig. 7B, and Supplementary
Movies 1 and 2, Figs. 7C1–C2). In the posterior part of the
neural plate, close to the Hensen's node, the cells behave
differently. These cells move mainly to the posterior part of the
embryo and the movement towards the midline is less
pronounced. These results show that the formation of the
posterior part of the axis involves a posterior cell movement that
lines up the neural tissue while the size of the neural plate
decreases.
Limited cell mixing and maintenance of posterior cells
The analysis of the time-lapse experiments shows that the
cells' trajectories only rarely cross each other (Figs. 7B, C).This indicates that the change in shape of the neural plate
involves moderate relative cell mixing. To evaluate the degree
of antero-posterior mixing, the relative position of cells in the
neural plate was determined using the time-lapse data. We
compared the initial (t0) and the final (end of the time-lapse)
relative cell position along the antero-posterior axis. Only local
changes of neighboring cells were observed (Fig. 7C3),
indicating that a small range of cell movements is involved.
The results indicate that the overall antero-posterior order of the
cells in the neural plate is maintained during the narrowing of
the neural plate. This confirms previous fate mapping of neural
plate formation (HH4) that indicated a significant regionaliza-
tion of cell fates in the neural plate (Brown and Storey, 2000;
Catala et al., 1996).
An intriguing aspect of elongation is that clones derived from
single cells can populate the entire axis in the mouse embryo.
The localization of cells forming the future tail bud in the neural
plate was addressed in the chick. Long-term analyses in ovo
indicate that these cells and/or their descendants remain located
in the tail bud, whereas more anterior cells eventually form the
neural tube (Fig. 7D). During the course of the movies started at
the 11-somite stage (n=3), GFP-labeled cells were observed in
the caudal most part of the embryos after growth until 21
somites (Fig. 7D). In this embryo, the cells remain located in the
caudal most part of the neural plate throughout the time series
(Fig. 7D yellow arrow, Supplementary Movie 3) whereas cells
located just to the anterior end up in the neural plate (Fig. 7D red
arrow) form the closing neural tube. These data indicate that,
while the antero-posterior order of the neural plate is not
changed, cells located at the posterior-most part of the neural
plate are the best candidates to participate in tail bud formation.
Long acquisition movies generated at 10 × magnification
confirm that the apico-basal movement of the nucleus
(interkinetic nuclear movement) begins only when the neural
tube closes (ns), as previously shown in the chick (Smith and
Schoenwolf, 1997). In the time-lapse experiments, cell nuclei
were followed at different time points (Fig. 7E). The distance
between cells was compared at the beginning (Figs. 7E1–E2)
and at the end (Fig. 7E3) of the time-lapse experiment (Fig.
7C4). The results show that during the time-lapse (3h30), the
distance between cells increases without obvious changes in
neighborhood relationship. High resolution movies (40×
magnification) generated in this region of the neural plate
(Supplementary Movie 4) show that there are only minimal
movements between adjacent cells or groups of cells. The
majority of cells present a specific shape with the nucleus
localized at the basal pole of the neuroepithelium (Supple-
mentary Movie 4). This observation is consistent with the
apically constricted shape adopted by the cells of the neural
plate during neural plate narrowing, as previously shown in
chick and Xenopus (Haigo et al., 2003; Smith and
Schoenwolf, 1997).
Discussion
In this work, we combined several approaches to analyze the
formation of the spinal cord in mouse and chick embryos. Cell
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difference in the elongation patterns between the anterior and
posterior spinal cord. We show that the posterior part of the axis
is formed by a process consistent with a stem cell mode of
growth. A direct comparison with published data on zebrafish
spinal cord elongation suggests that elongation in the anterior
spinal cord could be dependent on intercalation. Time-lapse
analyses in the chick embryo show that cells remain resident in
the posterior-most part of the neural plate during elongation of
more posterior levels of the spinal cord. We propose that the
reduction in size of the neural plate results in elongation of the
posterior spinal cord becoming more dependent on a stem cell
mode of growth. Such a transition may correspond to the end of
a period of massive convergent-extension and to the use of a
pre-existing stem zone of growth to form the posterior half of
the axis.
Methodological considerations
A large number of approaches have been developed over the
years to monitor the behavior of cells in the embryo (Glickman
et al., 2003; Das et al., 2003; Koster and Fraser, 2004; Mathis
and Nicolas, 2000a; Meilhac et al., 2004; Rolland-Lagan et al.,
2003). Here, we further exploit a set of complementary
approaches: single cell tracing in mouse, mathematical model-
ing of growth and time-lapse imaging following in ovo
electroporation in chick (Mathis et al., 2001; Mathis and
Nicolas, 2000a). But instead of focusing on axial elongation of
the clones as described previously, we decided to focus on a
different aspect of elongation, namely the spacing between
clonally related clusters. This parameter is a direct measurement
of elongation and bridges, to some extent, the gap between the
cellular and tissue levels of morphogenesis. This approach
alleviates some of the issues raised by previous approaches.
Single cell lineage tracing using the LaacZ mouse embryos
provides a global description of the spacing between clusters
along the axis despite the fact that the time and place when cells
underwent the recombination are not known. Computer
modeling has permitted us to test simple hypotheses, and has
been useful to show that the development of the posterior spinal
cord is quantitatively more dependent on proliferation/stem
mode of growth than the anterior spinal cord. The live imaging
techniques illustrated cell behaviors for shorter periods of time
and revealed some aspects of the cellular basis for formation of
intervals between clonally related cell clusters. Combining these
approaches allowed us to evaluate the characteristics of growth
during the long period of spinal cord elongation.
Convergent extension and stem cell growth during spinal cord
elongation
Axis elongation is the process that transforms the initial
polarity of the embryo into the formed body. Two main
processes have been proposed to lead to trunk elongation, the
convergence-extension movements and the generation of
descendants from a pool of self-renewing stem cells. Conver-
gence-extension is a general cellular mechanism and has beenalso described in the elongation of the germ band in Drosophila
(Bertet et al., 2004) or the formation of the notochord in
ascidians (Munro and Odell, 2002). In zebrafish and Xenopus
embryos, time-lapse analyses of gastrulation movements have
shown that axis elongation results from the convergence of cells
towards the midline and intercalation of cells, resulting in
narrowing and lengthening of the embryo (Keller, 2002). A
major issue is the role of convergent-extension in Amniote
spinal cord elongation. Convergent-extension is both a tissue
level event and a cellular mechanism. Our analysis suggests that
at the tissue level, the neural plate cells converge and extend.
However, at the cellular level, time-lapse analysis indicates only
small scale cell mixing, despite some cell intercalation
following cell division or as a result of local movements.
Although the broad comparison between mouse and zebrafish
elongation patterns is compatible with convergent-extension in
the anterior spinal cord, longer term analyses at higher
resolution are required to establish the role of cellular
convergent-extension movements. The elongation of the axis
is based on a posterior growth zone in many invertebrate species
including crustaceans, arachnids, leeches and long germ band
insects (Patel, 2003). In mouse and chick embryos, elongation
appears to result from the proliferation of cells resident in the
node region, in the primitive streak and later in the tail bud
(Mathis and Nicolas, 2002). The present results suggest that the
evolution of elongation described between fish and amphibians,
and chick and mouse may not reflect a radical change of
progenitor cell behavior during elongation.
Different patterns of spinal cord elongation in amniotes
In amphibians, the maintenance of cells in the organizer
(Gont et al., 1993) and the continuation of extension movements
in the caudal end of the elongating trunk (Wilson et al., 1989)
suggest that at least part of the behavior of cells could be
conserved among vertebrates. The similar distributions of
intervals between clonally related cells found in the anterior
part of the zebrafish and mouse spinal cord provide additional
support to a conservation of elongation motions among
vertebrates. In addition, convergent-extension movements and
stem cell growth do not oppose each other, but rather may have
different and complementary organizing potential. Convergent-
extension could be associated with the broad maintenance of
antero-posterior regionalization and positional identity acquired
at earlier stages of neural plate formation (Woo and Fraser,
1995). A mode of growth based on a stem zone has also a great
potential of organization, because it may translate the time of
development into spatial information, for instance through
clock-based molecular and cellular mechanisms (Vasiliauskas
and Stern, 2001).
Clonal analyses in the mouse indicate that the different axial
levels can be populated by descendants of single progenitors
(clonal continuity Mathis and Nicolas, 2000a; Nicolas et al.,
1996). The present results provide evidence that the continuity
of the elongation process at the cellular level is associated with a
temporal change in tissue-level motion during axis elongation.
This raises the question of the origin of the observed difference
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cord. A way to reconcile the clonal continuity with the
regionalization of the neural plate observed at gastrulation
(Brown and Storey, 2000) and at the 12-somite-stage (present
results) is to postulate an initial phase of growth based on stem
cells during formation of the neural plate. Such a model is
supported by clonal analysis of the mouse epiblast (Lawson et
al., 1991; Lawson and Pedersen, 1992). Our time-lapse analyses
in chick suggest that the stem cell population would be located
in the posterior-most part of the neural plate at early stages. The
short range of individual cell movements would maintain this
cell population at a caudal position while the neural plate
becomes narrower. The consequence of the narrowing would be
an increase in the relative size of this caudal population
compared to the total cell population of the neural plate.
Together, these data are compatible with a model of
morphogenesis based on a limited number of cellular
constraints acting on cell lineages throughout elongation.
Three phases of growth could act throughout spinal cord
elongation: (i) elongation based on stem cells, (ii) spreading of
clonal descendants ahead of the stem zone and (iii) more local
spreading along the dorso-ventral axis. The stem cell growth
could become predominant because of the massive decrease in
the size of the progenitor pool, possibly by convergent-
extension or other cell behaviors. Such decreases in progenitor
pool, associated with neural plate narrowing, could be used as a
motor to drive the elongation in the anterior part of the spinal
cord.
A major question regarding embryonic axis formation
concerns the regulation of cell behaviors during the long period
of axis elongation (Akai et al., 2005; Deschamps and van Nes,
2005). Many genes expressed initially in the organizer and in
the posterior neural plate continue to be expressed in the tail
bud, in similar patterns and topological relationships (Gont et
al., 1993; Knezevic et al., 1998; Schoenwolf, 2000; Sugiura et
al., 2004). This organization is conserved among vertebrates,
although detailed analyses suggest that the topological relation-
ship between genetic markers of the stem zone may change
during elongation (Delfini et al., 2005). These conclusions
indicate that the maintenance of the genetic organization of the
posterior part of the axis may reflect the maintenance of the
stem zone.
Acknowledgments
We wish to thank Jacqueline Deschamps, Denis Duboule,
Kate Storey and Claudio Stern for useful discussions, Jacque-
line Deschamps, Emilie Legué, Estelle Hirsinger, Elena
Tzouanacou, Paul Kulesa, Sigolene Meilhac, Musa Mhlanga,
Colin Crist and Kate Storey for critical reading of the
manuscript. We thank Charles Kimmel for authorizing us to
use his published data, Martin Catala for help with embryo
culture and the imaging center at the Pasteur Institute (www.
pfid.org). Finally, Jean-François Nicolas is thanked for discus-
sions and for hosting IR and LM in his laboratory and members
of the lab for discussions. LM is from the CNRS. IR received
financial support from the MRT and ARC.Appendix A. Supplementary data
Supplementary data associated with this article can be found,
in the online version, at doi:10.1016/j.ydbio.2006.12.050.
References
Akai, J., Halley, P.A., Storey, K.G., 2005. FGF-dependent Notch signaling
maintains the spinal cord stem zone. Genes Dev.
Alvarez, I.S., Schoenwolf, G.C., 1991. Patterns of neurepithelial cell
rearrangement during avian neurulation are determined prior to notochordal
inductive interactions. Dev. Biol. 143, 78–92.
Bertet, C., Sulak, L., Lecuit, T., 2004. Myosin-dependent junction remodelling
controls planar cell intercalation and axis elongation. Nature 429, 667–671.
Brown, J.M., Storey, K.G., 2000. A region of the vertebrate neural plate in
which neighbouring cells can adopt neural or epidermal fates. Curr. Biol. 10,
869–872.
Cambray, N., Wilson, V., 2002. Axial progenitors with extensive potency are
localised to the mouse chordoneural hinge. Development 129, 4855–4866.
Catala, M., Teillet, M.A., De Robertis, E.M., Le Douarin, N., 1996. A spinal
cord fate map in the avian embryo: while regressing, Hensen's node lays
down the notochord and floor plate thus joining the spinal cord lateral walls.
Development 122, 2599–2610.
Das, T., Payer, B., Cayouette, M., Harris, W.A., 2003. In vivo time-lapse
imaging of cell divisions during neurogenesis in the developing zebrafish
retina. Neuron 37, 597–609.
Delfini, M.C., Dubrulle, J., Malapert, P., Chal, J., Pourquie, O., 2005. Control of
the segmentation process by graded MAPK/ERK activation in the chick
embryo. Proc. Natl. Acad. Sci. U. S. A. 102, 11343–11348.
Deschamps, J., van Nes, J., 2005. Developmental regulation of the Hox genes
during axial morphogenesis in the mouse. Development 132, 2931–2942.
Eagleson, G.W., Harris, W.A., 1990. Mapping of the presumptive brain regions
in the neural plate of Xenopus laevis. J. Neurobiol. 21, 427–440.
Faure, P., Kaplan, D., Korn, H., 2000. Synaptic efficacy and the transmission of
complex firing patterns between neurons. J. Neurophysiol. 84, 3010–3025.
Fernandez-Garre, P., Rodriguez-Gallardo, L., Gallego-Diaz, V., Alvarez, I.S.,
Puelles, L., 2002. Fate map of the chicken neural plate at stage 4.
Development 129, 2807–2822.
Gardner, R.L., Cockroft, D.L., 1998. Complete dissipation of coherent clonal
growth occurs before gastrulation in mouse epiblast. Development 125,
2397–2402.
Gisiger, T., Dehaene, S., Changeux, J.P., 2000. Computational models of
association cortex. Curr. Opin. Neurobiol. 10, 250–259.
Glickman, N.S., Kimmel, C.B., Jones, M.A., Adams, R.J., 2003. Shaping the
zebrafish notochord. Development 130, 873–887.
Gont, L.K., Steinbeisser, H., Blumberg, B., DeRobertis, E.M., 1993. Tail
formation as a continuation of gastrulation: the multiple cell populations of
the Xenopus tailbud derive from the late blastopore lip. Development 119,
991–1004.
Haigo, S.L., Hildebrand, J.D., Harland, R.M., Wallingford, J.B., 2003. Shroom
induces apical constriction and is required for hingepoint formation during
neural tube closure. Curr. Biol. 13, 2125–2137.
Hatada, Y., Stern, C.D., 1994. A fate map of the epiblast of the early chick
embryo. Development 120, 2879–2889.
Henrique, D., Tyler, D., Kintner, C., Heath, J.K., Lewis, J.H., Ish-Horowicz, D.,
Storey, K.G., 1997. cash4, a novel achaete-scute homolog induced by
Hensen's node during generation of the posterior nervous system. Genes
Dev. 11, 603–615.
Keller, R., 2002. Shaping the vertebrate body plan by polarized embryonic cell
movements. Science 298, 1950–1954.
Keller, R., Shih, J., Sater, A., 1992. The cellular basis of the convergence and
extension of the Xenopus neural plate. Dev. Dyn. 193, 199–217.
Kimmel, C.B., Warga, R.M., Kane, D.A., 1994. Cell cycles and clonal strings
during formation of the zebrafish central nervous system. Development 120,
265–276.
Knezevic, V., De Santo, R., Mackem, S., 1998. Continuing organizer function
during chick tail development. Development 125, 1791–1801.
245I. Roszko et al. / Developmental Biology 304 (2007) 232–245Koster, R.W., Fraser, S.E., 2004. Time-lapse microscopy of brain development.
Methods Cell Biol. 76, 207–235.
Kulesa, P.M., Fraser, S.E., 1998. Neural crest cell dynamics revealed by time-
lapse video microscopy of whole embryo chick explant cultures. Dev. Biol.
204, 327–344.
Lawson, K.A., Pedersen, R.A., 1992. Clonal analysis of cell fate during
gastrulation and early neurulation in the mouse. In: Symposium, C.F.
(Ed.), Postimplantation Development in the Mouse, vol. 165, pp. 3–26
(Chichester, G.B.).
Lawson, K.A., Meneses, J.J., Pedersen, R.A., 1991. Clonal analysis of epiblast
fate during germ layer formation in the mouse embryo. Development 113,
891–911.
Luria, S.E., Delbrück, M., 1943. Mutations of bacteria from virus sensitivity to
virus resistance. Genetics 28, 491–511.
MacAuley, A., Werb, Z., Mirkes, P.E., 1993. Characterization of the unusually
rapid cell cycles during rat gastrulation. Development 117, 873–883.
Mathis, L., Nicolas, J.F., 2000a. Different clonal dispersion in the rostral and
caudal mouse central nervous system. Development 127, 1277–1290.
Mathis, L., Nicolas, J.F., 2000b. Clonal organization in the postnatal mouse
central nervous system is prefigured in the embryonic neuroepithelium. Dev.
Dyn. 219, 277–281.
Mathis, L., Nicolas, J.F., 2002. Cellular patterning of the vertebrate embryo.
Trends Genet. 18, 627–635.
Mathis, L., Nicolas, J.F., 2003. Progressive restriction of cell fates in relation to
neuro-epithelial cell mingling in themouse cerebellum. Dev. Biol. 20, 20–31.
Mathis, L., Sieur, J., Voiculescu, O., Charnay, P., Nicolas, J.F., 1999. Successive
patterns of clonal cell dispersion in relation to neuromeric subdivision in the
mouse neuroepithelium. Development 126, 4095–4106.
Mathis, L., Kulesa, P.M., Fraser, S.E., 2001. FGF receptor signalling is required
to maintain neural progenitors during Hensen's node progression. Nat. Cell
Biol. 3, 559–566.
Meilhac, S.M., Esner, M., Kerszberg, M., Moss, J.E., Buckingham, M.E., 2004.
Oriented clonal cell growth in the developing mouse myocardium underlies
cardiac morphogenesis. J. Cell Biol. 164, 97–109.
Munro, E.M., Odell, G., 2002. Morphogenetic pattern formation during ascidian
notochord formation is regulative and highly robust. Development 129,
1–12.
Nicolas, J.F., Mathis, L., Bonnerot, C., 1996. Evidence in the mouse for self-
renewing stem cells in the formation of a segmented longitudinal structure,
the myotome. Development 122, 2933–2946.Palmeirim, I., Henrique, D., Ish-Horowicz, D., Pourquie, O., 1997. Avian hairy
gene expression identifies a molecular clock linked to vertebrate segmenta-
tion and somitogenesis. Cell 91, 639–648.
Patel, N.H., 2003. The ancestry of segmentation. Dev. Cell 5, 2–4.
Quinlan, G.A., Williams, E.A., Tan, S.S., Tam, P.L., 1995. Neuroectodermal fate
of epiblast cells in the distal region of the mouse egg cylinder: implication
for body plan organization during early embryogenesis. Development 121,
87–98.
Rodriguez-Gallardo, L., Sanchez-Arrones, L., Fernandez-Garre, P., Puelles, L.,
2005. Agreement and disagreement among fate maps of the chick neural
plate. Brain Res. Brain Res. Rev. 49, 191–201.
Rolland-Lagan, A.G., Bangham, J.A., Coen, E., 2003. Growth dynamics
underlying petal shape and asymmetry. Nature 422, 161–163.
Schoenwolf, G.C., 2000. Molecular genetic control of axis patterning during
early embryogenesis of vertebrates. Ann. N. Y. Acad. Sci. 919, 246–260.
Selleck, M.A., Stern, C.D., 1992. Evidence for stem cells in the mesoderm of
Hensen's node and their role in embryonic pattern formation. In: Al, R.B.e.
(Ed.), Formation and Differentiation of Early Embryonic Mesoderm.
Plenum Press, New York, pp. 23–31.
Smith, J.L., Schoenwolf, G.C., 1997. Neurulation: coming to closure. Tr.
Neurosci. 20, 510–517.
Sugiura, T., Taniguchi, Y., Tazaki, A., Ueno, N., Watanabe, K., Mochii, M.,
2004. Differential gene expression between the embryonic tail bud and
regenerating larval tail in Xenopus laevis. Dev. Growth Differ. 46, 97–105.
Tam, P.P., 1986. A study of the pattern of prospective somites in the
presomitic mesoderm of mouse embryos. J. Embryol. Exp. Morphol. 92,
269–285.
Vasiliauskas, D., Stern, C.D., 2001. Patterning the embryonic axis: FGF
signaling and how vertebrate embryos measure time. Cell 106, 133–136.
Wallingford, J.B., Harland, R.M., 2001. Xenopus dishevelled signaling regulates
both neural and mesodermal convergent extension: parallel forces elongat-
ing the body axis. Development 128, 2581–2592.
Wilkie, A.L., Jordan, S.A., Sharpe, J.A., Price, D.J., Jackson, I.J., 2004.
Widespread tangential dispersion and extensive cell death during early
neurogenesis in the mouse neocortex. Dev. Biol. 267, 109–118.
Wilson, P.A., Oster, G., Keller, R., 1989. Cell rearrangement and segmentation
in Xenopus: direct observation of cultured explants. Development 105,
155–166.
Woo, K., Fraser, S.E., 1995. Order and coherence in the fate map of the zebrafish
nervous system. Development 121, 2595–2609.
